It is suggested that the precursor of melting in some crystals can be a macroscopic shear deformation such as the transverse sound wave. This hypothesis is examined basing on the quasi-harmonic approach to lattice dynamics within the two-body ionion concept of interaction in metals. One nds that due to the temperature induced modication of eective ionion interaction appearing in the quasi-harmonic approximation the crystal ceases to support propagation of transverse sound waves when its temperature approaches a certain critical temperature Tcr, understood here to be the melting temperature Tm.
Introduction
One may ask the question what is the initial (primordial) deformation of the crystal structure caused by an increase of temperature, which destroys its periodic order turning it nally into a liquid?
Melting of a solid is the two-phase phenomenon at melting temperature T m the solid and the liquid coexist, see e.g. Ubbelohde [1] . Contemporary physical theory allows one to approximately predict the dependence of T m on hydrostatic pressure p the melting curve T m (p) and other characteristics [2] , using the statistical ab initio methods for both phases independently [3] . At the same time the one-phase theory comparing the average atomic displacement √ ⟨u 2 ⟩ to the inter-atomic distance in crystal the Lindeman theory also oers quite universal understanding of melting phenomena, see [4, 5] and ref-
erences quoted there. Still one expects that there may be a specic initial deformation which appears, magnies and tends to destroys periodic order, when the crystal approaches the melting temperature. Of course, such pivotal deformations may be dierent in dierent materials.
The aim of this paper is the theoretical examination of one such specic deformation of metal crystal structure close to the melting temperature. Our hypothesis is that the melting can be connected to a shear deformation of crystal below T m , see Fig. 1 , such as is present in the transverse sound wave. This should manifest itself in a critical dependence on temperature of the corresponding displacementdisplacement correlation function, and this object can be calculated.
Experimental data show that all elastic constants c ij for Zn [6] decline for growing temperature in a similar way, see Fig. 2 , and the temperature behavior of the * e-mail: a.czachor@ncbj.gov.pl it is the transverse acoustic phonon mode that could be particularly eective in its structure disruptive power.
This hypothesis is investigated within the quasi-harmonic theory of hot metal crystal, assuming two-body ionion interaction.
Two-body potentials for metals
Application of the concept of two-body potentials of the ionion interaction has, in the theory of condensed phase, a long tradition [7] . It has turned out to be useful for understanding and predicting many physical phenomena, but its physical justication is rather intuitive than rm. Nevertheless, in the ab initio theory of metals one indeed arrives in the Hartree approximation at the phonon dynamical matrix D q written in terms of the Fourier transforms of an ionion potential V k ≡ V (k), see e.g. [8] :
where q is the phonon wave vector, the sum goes over the reciprocal lattice vectors κ, and
Here w(k) is the ionelectron pseudopotential, E k is the electron energy band, µ is the Fermi energy and Z is the electric charge of ion. The function V k can be treated as the Fourier transform of a certain two-body potential V (r):
We quote these ab initio formulae only to set a rm ground for our relying on the ionion potential concept in description of metals near the melting temperature T m , but in the foregoing our argument will be phenomenological.
Outline of the quasi-harmonic theory of lattice vibrations
To represent the idea of the quasi-harmonic lattice dynamics theory let us rst remind the standard harmonic
Hamiltonian of a monoatomic crystal, valid for the small amplitudes u l of atomic vibrations [8] :
where the force constants are given in terms of the ion ion potential V (r):
Normal-mode vibration frequencies are the eigenvectors of this force constant matrix, while its eigenvalues are the (squared) normal mode frequencies ω jq , where j is the so-called phonon branch label and q is the phonon wave vector. The condition ω 2 jq > 0 is the dynamical stability condition for the crystal.
To approach the melting phenomenon we have to allow for large atomic displacements, being at the root of the crystal structure destabilization. This can be systematically done using the Green function formalism of Zubarev [9] . Let us remind here that the Heisenberg operator A(t) is dened as:
and the equation of motion for such operator is
We derive now in the usual way the equation of motion for the (double-time retarded) displacement displacement Green function (GF) being a generalization of the correlation function of atomic displacements
where the thermal average of operator X has the form
the H being the Hamiltonian of the system.
ll ′ and the above harmonic Hamiltonian we obtain as the standard harmonic equation of motion in the GF formulation
It follows from the denition (7) of the force constants that to learn about the dynamics of crystal in case of small vibrations it is sucient to know the curvatures of ionion potential V (r) at the lattice vector positions l.
At elevated temperatures the atomic displacements are large, so the atoms are experiencing the shape of the potential V (r) at all values of inter-atomic distances. To allow such anharmonicity to show up in the harmonic theory scheme we assume the Hamiltonian in its full form
with the ionion interaction potential V (r) having a well determined Fourier transform V k such as in Eq. (5). Us-ing again the commutation relations one arrives in the above way at the more general form of the equation of motion for the displacementdisplacement Green func-
We can see that now on the right hand side (rhs) there is a new Green function, dierent from and more complex than the initial G(t − t ′ ). As compared to the equations of motion of harmonic theory (12) To do the linearization one postulates here an approximate proportionality, being the essence of the quasi--harmonic approach to the theory of lattice vibrations [10, 11] :
with the proportionality factor γ to be wisely determined now.
Let us remind the notion of moments of any GF, such as ⟨⟨A, B⟩⟩. These are characteristic numbers for them: the rst moment is ⟨
[[A, H], B]⟩ T , the second is ⟨[[[A · H], H, ], B]⟩ T , etc. To impose physics on the above
proportionality assumption we request that rst non--vanishing moments of both sides must be equal. It works here with the rst moment and in this way we have
The second equality on the rhs is true in harmonic theory [8] .
Eective ionion quasi-potential
In this way there appears in the quasi-harmonic-theory formula (14) a new form of the Fourier transform of ion ion potential the temperature-dependent eective quasi-potential
The quotation mark reminds that the Fourier retransformed objectṼ (r), being dependent on the lattice vectors l, l ′ , diers basically from the potential V (r). In principle it is a dierent function for every pair of atoms
. This is the price we pay for enforcing the impact of anharmonicity upon the shoulders of the harmonic theory.
For this new correlation function in Eq. (17) we get in the harmonic theory for crystals of regular structure [8] : 
At large distance l we have the asymptotic value
where 
Here function ∆ k describes the temperature induced softening (broadening) of the ionion interaction, which determines the lattice dynamics. We can see in Eq. (21) that the eective-potential Fourier transform at growing T gets at large k's suppressed, thus the potentialṼ (r) becomes more smooth, softer. This is illustrated in Fig. 4 , using the Morse potential.
To pursue the impact of temperature on the transverse acoustic wave propagation we shall now use it in the phonon dynamical matrix.
Transverse acoustic phonon softening as a precursor of melting
Let us determine the impact of macroscopic shear deformation on the stability of crystals. As the case representative and simple let us take the propagation of long--wave y-polarized transverse oscillation along the direction q x parallel to [100] in the regular fcc metal structure.
Following the phonon dynamical matrix, Eq. (1), phonon dispersion curve of the harmonic theory of vibrations can be written as follows [7] :
Let us note that due to the overall electric neutrality there is no κ = 0 contribution in the sum (it appears in the dispersion relation for the longitudinal mode). On expanding Eq. (22), for small q x we obtain M ω 
where D represents the force components essential for the transverse acoustic wave propagation. One can solve it with respect to T (from now on symbol s stands for s tr ) 
At T > T cr Eq. (26) has not a real (or realistic) solution the dynamic stability of the system disappears. The interpretation is that when one approaches this temperature from below, the medium reaches such high level of deformation and non-uniformity that it cannot support the propagation of the transverse sound wave. In fact this is a shear deformation, characteristic to the propagation of the transverse acoustic phonon oscillation. We emphasize that such special, perhaps pivotal, role of the acoustic transverse oscillation is a consequence of the low velocity of the transverse sound wave, resulting at a given temperature of the crystal in a large amplitude of crystal oscillation related to it.
For its verication the model shown here needs experimental data on transverse sound velocity, crystal structure and linear expansion close to the melting temperature for several metal systems.
Summary
Within the quasi-harmonic approximation of lattice dynamics of metals we have shown that the temperature decline of the transverse sound velocity can manifest itself in such a large deformation of crystal, that it ceases to support the related shear oscillation, thus leading to lattice disordering and melting of the structure.
This phenomenon is a consequence of the ionion eective potential broadening due to temperature-enhanced vibrations, and can be described by a simple equation involving temperature and transverse sound velocity.
